This study examined the functioning of facilitation and suppression in visual selective attention in adults with Attention Deficit Hyperactivity Disorder (ADHD). Electrophysiological data were examined in control adults and adults with ADHD during a cued visual spatial selective attention task where in addition to directing attention, the cue probabilistically predicted the presence of a distractor. Late activity following the cue (ADAN) showed attention modulation for all participants. However, only ADHD participants showed additional significant distractor anticipation modulations. Stimulus related activity showed modulations of early visual processing (P1) as a function of attention and anticipated distractor presence for all participants suggesting functional facilitation and suppression. Findings suggest functional visual spatial selective attention in adults with ADHD.
Introduction
While often thought of as a disorder of childhood, attention deficit hyperactivity disorder (ADHD) is a significant challenge for adults as well. Adults with ADHD show higher levels of risk taking behavior [1] , as well as higher rates of depression/anxiety, increased financial stress, and lower ratings on measures of relationship quality, health, and well-being [2] . However, many aspects of this disorder are still not well understood. For example, impairments in sustained attention and inhibition are thought to be primary deficits of the disorder [3] - [5] .
However, a recent meta-analysis of studies using the continuous performance task (CPT), the most common test of sustained attention, by Huang-Pollock, Karalunas, Tam, and Moore [6] suggests that decrements in performance by those with ADHD are complex. For example, among other key factors that explain deficits in performance for those with ADHD are decreases in perceptual sensitivity (i.e. the ability to distinguish targets from distractors) and slower drift rates (i.e. the time it takes to gain the necessary information from encoding to make a decision). Moreover, other aspects of attention, such as selective attention, have been studied far less, and as a result present even greater challenges for developing a complete understanding of the disorder.
Endogenous (i.e. top-down) visual selective attention is a multi-faceted process, several aspects of which may be impacted by ADHD. Traditionally, endogenously driven attention has been described through a sensory gain model [7] . This theory suggests that signal enhancement works as a gain control, increasing the sensitivity of neurons to properties of the attended stimulus, relatively enhancing processing of stimuli at attended locations as compared to unattended locations [7] - [13] . Facilitation may work through control mechanisms active both prior to the onset of the stimulus, (i.e., preparatory facilitation seen in electrophysiological components such as the anterior directing attention negativity (ADAN)), as well as during stimulus processing (i.e., stimulus facilitation at electrophysiological components such as the P1; [14] ). However, recent research suggests that suppressive mechanisms may also contribute to visual selective attention [15] . Suppression may contribute to selection by reducing the sensitivity of neurons to the properties or spatial location of the unattended stimulus both through control mechanisms prior to the onset of a distractor (preparatory suppression), as well as during stimulus processing (stimulus suppression) similar to facilitation. However, only facilitation processes have been examined in those with ADHD.
Much of the research on facilitation in selective attention in those with ADHD suggests that in many respects it functions similarly to typically developing populations [16] - [18] . When deficits in facilitation are seen, they occur primarily during stimulus processing (i.e. stimulus facilitation) at early levels of perceptual processing, typically examined in the P1 visual component [19] - [23] .
In addition to potential differences seen in stimulus facilitation, there are remaining questions concerning possible processing differences in preparatory facilitation (e.g. activity following a spatial cue to the attended location in preparation for the stimulus). Few previous studies have examined preparatory evoked potentials related to facilitation that could account for differences in stimulus processing. When potential differences are examined, these studies have looked at the contingent negative variation (CNV) which is associated with anticipation or preparation and may reflect preparatory facilitation, but it is more typically associated with motor preparation. Moreover, the results from examining the CNV have been mixed, with some finding deficits [21] [24] [25] while others do not [26] [27] . In addition, none of these studies has examined frontal evoked potentials related specifically to attentional control seen in preparatory facilitation in visual spatial attention. Specifically, the attention directing anterior negativity (ADAN) is thought to reflect activity related to higher order attentional control for visual spatial attention [28] [29] and thus it is an ideal candidate for examining the functionality of preparatory facilitation in those with ADHD. However, to date, this component has not been examined in participants with ADHD.
In contrast to evidence of facilitation, evidence of suppression is more limited but growing [15] [30]- [34] . For example, a study by Couperus and Mangun [15] used a spatial cuing paradigm where target and distractor processing could be examined by utilizing unilateral (target only) and bilateral (target and distractor) displays. By cuing the location of the target stimulus as well as providing predictive information about the presence of distractors (validly cued 70% of the time, invalidly cued 30% of the time) the effects of distractor expectancy on attentional control as well as on target and distractor processing could be examined. Results suggest that changes in processing occur both prior to and at the onset of visual stimuli to both increase processing of attended stimuli (preparatory and stimulus facilitation) and reduce processing of unattended stimuli (preparatory and stimulus suppression, [15] ).
This paradigm is particularly intriguing in the context of visual selective attention and its functioning in those with ADHD because it allows for a more detailed examination of the multiple aspects of visual selective attention that may be altered in those with ADHD. In particular, it allows for examination of three different aspects of visual selective attention (preparatory facilitation, preparatory suppression, and stimulus suppression) that have not been examined in this population. Understanding these different aspects of selective attention may help to explain how it is possible that those with ADHD are able to compensate behaviorally in visual selective attention tasks [3] as well as to help understand ADHD more completely. It may also provide additional evidence in support of this four-component model of selective attention (i.e. visual spatial selective attention being supported by four processes, preparatory facilitation, preparatory suppression, stimulus facilitation, and stimulus suppression).
Additionally, in contrast to children, there have been few studies of visual selective attention in adults with ADHD [22] [35] [36] . Moreover, the studies that do exist have not focused on the neurological correlates of visual selective attention but rather behavioral differences. Understanding the neurological processes underlying these differences in adults is critical for developing an understanding of ADHD more broadly as the rates of ADHD in adults have increased substantially over the last decade 1 [37] . Therefore, this study will use the paradigm from Couperus and Mangun [15] to explore what mechanisms within visual selective attention (if any) may differ in those with ADHD, specifically in adults with ADHD. Two components that have previously shown facilitation and suppression effects, the ADAN and the P1 will be examined. The amplitude of the ADAN, as noted previously, is thought to correlate with activity in areas of the frontal cortex related to the control of visuospatial attention [29] and is typically seen in the contralateral hemisphere to the cued location following a directional cue (preparatory facilitation), but has also been shown to increase contralateral to an anticipated distractor (preparatory suppression, [15] ). In contrast, the P1 is a component associated with visual processing in extrastriate cortex that is affected by visual attention (and may show both stimulus facilitation and suppression). Based on previous findings it is anticipated that both attention and the expectation of a distractor will alter activity at the ADAN for adult control participants reflecting preparatory facilitation and preparatory suppression [15] . Moreover, we anticipate that these participants will show both typical attentional stimulus facilitation at the P1 contralateral to target stimulus, and stimulus suppression contralateral to distractor stimulus when the cue indicates the presence of a distractor. For ADHD participants, we anticipate early reductions in processing of attended target stimuli at the P1 as compared to control participants (i.e. reduced stimulus facilitation, [21] ). However, as no studies have examined the ADAN preparatory component nor suppressive activity at the P1, it is not clear if any differences in these components will be seen between groups.
Methods

Participants
Twenty-five adults diagnosed with attention deficit hyperactivity disorder (mean age = 20.44, SD = 2.28, 7 Female) and 25 control participants (mean age = 21.00, SD = 2.86, 13 Female) participated in this study from an initial 70 who were recruited (20 were excluded prior to and during data analysis based on exclusion criteria, 10 of which were control participants). Participants were recruited from the 5-College Consortium in the Pioneer Valley of Massachusetts (Amherst College, Smith College, Hampshire College, Mt. Holyoke College, and the University of Massachusetts at Amherst). All participants were right handed, were not born prematurely, and were not on psychotropic medications aside from stimulant medications (nine participants with ADHD were currently using stimulant medications regularly but none had taken any less than 18 hours before participation). All participants gave written consent prior to participation. All consents and research procedures were approved by the Hampshire College Institutional Review Board. Control participants were defined as those that met the above criteria as well as having indicated via self-report that they had never been diagnosed with or suspected of having a learning disability including specifically ADHD (and additionally not on stimulant or other psychotropic medications). Adults with ADHD who were currently taking stimulant medications (defined as having taken a stimulant medication within the last month, n = 9) were asked to refrain from taking their medications at least 12 hours prior to participation in the study (no one reported use less than 18 hours prior to participation and there was an average time since last usage of 25.11 hours). To avoid and/or reduce altering participant's daily routine of medications most ADHD participants currently taking medication completed the study in the morning 2 . Assignment to the ADHD group was through both self-report (participants were only included if they indicated they had previously been diagnosed by a clinician with ADHD) and confirmed through the use of the Connor's Adult ADHD Ratings Scales. For inclusion adults had to present with significant symptoms (t-score above 65 on the total ADHD symptoms subscale) on the Connor's Adult ADHD Ratings Scales (n = 23, mean = 78.74, SD = 9.15). Connors ratings were not available for a subset of participants (n = 2) so to ensure data did not vary as a function of these participants all analyses were run both including and excluding these participants to ensure findings did not change.
Selective Attention Task
The selective attention task was based on the task used in Couperus and Mangun [15] . Participants were asked to complete 1000 trials (presented in blocks of 100). On each task trial, a cue (consisting of a set of two arrows, each arrow a different color, 0.5 × 1.0 degrees of visual angle) was presented for 150 ms. The cue was followed by a random interstimulus interval of 1000 to 1300 ms, and then the stimulus display was presented for 100 ms followed by a blank screen. The participant was encouraged to respond by pushing a response button rapidly and accurately. The next trial did not begin until after the participant had responded followed by an intertrial interval (response to next cue) that varied from 200 to 500 ms (see Figure 1 ).
There were two types of target stimulus displays in this paradigm; a unilateral (target only) and a bilateral (target plus distractor) display. The bilateral display consisted of two arrays of seven circular objects each (1.3 degrees for each circle). Each circle was half white and half black and was presented on a gray background that was isoluminant with the space-averaged luminance of the circles. The circle sets were 8 degrees from fixation measured to the center of the set, and each set subtended 4.6 × 4.2 degrees visual angle. The participant was asked to maintain fixation on a central fixation marker, covertly attend to one side of the display, and indicate if the center circle of the array was black in the upper half (right mouse button) or in the lower half of the circle (left mouse button) using a button press. The remaining 6 flanking circles consisted to two lateral flanking circles that were congruent in orientation to the central circle, two (one above, one below) that were in incongruent orientations, and two that were presented in a vertical orientation. The flanking circle orientations were chosen to create a complex stimulus to encourage selective attention while maintaining accuracy above 50%. However, the orientations of these flanking stimuli remained consistent in relation to the central target stimulus across all trials as to avoid introducing additional influences on response choice. Circles presented on the unattended side appeared only in a vertical orientation, thus containing no information regarding the correct response. The unilateral display contained only circles on the attended (cued) side of the display. The cue presented prior to the onset of each display provided two pieces of information. It accurately informed the participant of the hemifield in which the target would appear (probability 1.0), and predicted whether a distractor was likely to appear in the display (probability 0.70). Thus, the location of the target, and therefore of covert attention, was correctly signaled by the cue, while the presence of the distractor was probablistically predicted by the cue. The cue arrow was always orange on one side and either blue or green on the other; the color blue or green indicated both the side of the target and if a distractor would be present (blue indicating a distractor would not be present, green indicating a distractor would be present).
Electrophysiological Methods
Scalp electroencephalograms (EEGs) were recorded using tin electrodes embedded in an elastic cap (Electro-cap International). The 32 electrodes were located at standard sites of the International 5 -20 system of electrode placement [38] as follows: FZ, FPZ, CZ, CPZ, PZ, OZ, FP1, FP2, F7, F8, F3, F4, FT7, FT8 , T7, T8, C3, C4, TP7, TP8, CP3, CP4, P7, P8, P3, P4, O1, O2, HEOG, VEOG. Electroencephalograms were recorded and referenced to the right mastoid and impedances were kept below 5k ohms for all participants. The mastoid reference is preferred when using a smaller number of channels because an average reference (mean of recorded electrodes) is not as accurate under such conditions [39] . The EEGs were amplified using a Synamps 2 Amplifier with a bandpass filter of 0.1 to 100 Hz, and digitized at a sampling rate of 500 samples per second. To ensure eye fixation, electrooculograms (EOG) were recorded for both vertical and horizontal eye movements (electrodes were placed inferior to the left eye and both left and right of the outer canthus).
Data Analysis and Reduction
Behavioral data was averaged across attention location (left or right hemifield) to create four conditions based on cue validity and actual distractor presence: distractor cue valid/distractor present, distractor cue valid/distractor absent, distractor cue invalid/distractor present, and distractor cue invalid/distractor absent. Two participants were excluded from accuracy analysis due to reversing the meaning of the buttons for responding resulting in inaccurate accuracy. Reaction time and accuracy data were analyzed using repeated measures ANOVAs.
EEGs were re-referenced off-line to linked mastoids, sorted into epochs (200 ms pre-cue to 1000 ms post-cue and 200 ms pre-stimulus to 1000 ms post-stimulus), and artifact-free trials were averaged to yield ERPs for the different cue and stimulus types in the various conditions. The ERPs were baseline corrected using the mean of the 200 ms pre-stimulus period. Artifact rejection involved the automated exclusion of trials if they contained significant ocular artifacts (defined as amplitudes +/−50 µ volts at vertical or horizontal eye electrodes), muscle, or movement artifacts. Channels that were consistently bad across the experiment were marked as such and not used in analyses. Participants were eliminated from analyses if 10% or more channels were bad [40] or had less than 25 artifact free trials in any of the analyzed conditions (average number of trials included for cue displays = 118.85, SD = 35.70, stimulus displays = 61.08, SD = 23.38).
Cue-evoked waveforms were computed for each participant for the attention task for the two cue conditions directing attention to each side of the display: distractor present, distractor absent. The ADAN was chosen based on findings by Couperus and Mangun [15] that this component is sensitive to preparatory facilitation and preparatory suppression in this paradigm. Statistical analysis of preparatory activity as seen in the ADAN were based on mean amplitude measured over a 100-msec time window from 360 -460 ms, centered approximately on the peak amplitude of the component seen in the grand-averaged waveforms of the left and right frontal leads (F3/F4 and F7/F8). Additionally, we explored the possibility of effects on a second component sometimes associated with preparatory facilitation, the late directing positivity (LDAP), but no significant effects were seen (p's > 0.05) thus they are not reported here.
Stimulus-evoked waveforms were computed for the P1 for only bilateral displays for each of the two conditions directing attention to each side of the display: cue valid and cue invalid. Statistical analysis of stimulus related evoked potentials was based on mean amplitude measured over a 50-msec time window, centered approximately on the peak amplitude of the P1 (120 -170) component seen in the grand-averaged waveforms of the left and right occipital leads (O1/O2). As with the ADAN, the P1 was chosen as it was sensitive to attention modulation in Couperus and Mangun [15] showing both stimulus facilitation and stimulus suppression. While there were also significant findings at the N1 (e.g. an interaction between cue validity (valid vs. invalid), cue direction (left vs. right), and electrode (O1 vs. O2) ((F(1, 44) = 6.70, p = 0.013), visualization of waveform subtractions suggest these findings reflect modulations at P1 that carry over to N1 rather than additional attention effects.
Repeated measures ANOVAs were used to examine the ADAN as well as P1 as a function of attention and distractor anticipation as well as comparing those with ADHD to control participants.
Results
Behavioral Analyses
Reaction time and accuracy data were examined to determine if distractor anticipation influenced behavior as a function of cue validity and actual distractor presence. It is important to remember that distractor cue validity refers to the information in the cue regarding the presence/absence of distractors (70% valid, 30% invalid) as the cue was 100% predictive of the attended hemifield. A 2 (group: ADHD vs. control) by 2 (distractor cue validity: valid vs. invalid) by 2 (actual distractor presence: present vs. absent) repeated-measures ANOVA was used in analyses. Reaction time data showed a significant main effect of actual distractor presence (F(1, 48) Table 1 ). The main effect demonstrates slower reaction times when a distractor was present. However, there were no differences as a function of group (ADHD versus control) and no significant interactions.
The results for accuracy (i.e. correctly indicating the color of the top half of the central circular stimulus of the attended array) showed the same effect, with greater accuracy for displays without a distractor compared to those with a distractor (F(1, 46) ). As with reaction times there were no differences as a function of group and overall accuracy averaged 63.23 percent (SD = 13.2) which is similar to previous studies using this paradigm [15] . There was, also a (nonsignificant) trend in the interaction between actual distractor presence and distractor cue validity (F(1, 46) = 3.74, p = 0.059, 2 0.075
Although not significant, this interaction is consistent with findings in previous studies [30] which found higher accuracy when the presence of distractors was anticipated (a behavioral indicator of stimulus suppression). Thus, accuracy data suggest that subjects may utilize cue information concerning the likelihood that an upcoming display would contain a distractor.
Late Preparatory Activity Following the Cue Reflected in the ADAN-(360 -460 ms Post-Cue)
To examine the ADAN, a 2 (group: ADHD vs. control) by 2 (cue distractor presence: present vs. absent) 3 by 2 (cue direction: attend left vs. attend right) by 2 (electrode: F7 vs. F8 or F3 vs. F4) repeated-measures ANOVA was performed separately for the electrode pairs F3/F4 and F7/F8.While there were no main effects of group (ADHD versus control), cue distractor presence (i.e., present versus absent), or cue direction (indicating the hemifield of attention), there were several significant interactions. This analysis showed a significant effect of attention (shown through an interaction between cue direction and electrode with greater activity at the electrode contralateral to the cued direction; see , i.e. preparatory facilitation seen in Figure 2 ) and presence in the raw waveforms of an effect of cue distractor presence (i.e. see increased ADAN to distractor present cues as compared to distractor absent cues in Figure 3) . In contrast, the ADHD participants showed both this significant attention effect ( ( ) ) reflecting both preparatory facilitation and preparatory suppression. These effects appear to reflect greater activity at F4 when there was a cue directing attention to the left that also indicated a distractor would be present, although follow-up t-tests did not reveal any more specific significant differences. This increased positivity results in a negative peak (the ADAN) when ERPs produced by cues directed to the right are subtracted from those produced by cues directed to the left at F4. Figure 2 . Late activity following the cue-ADAN (360 -460 ms). Collapsed across attention groups (ADHD and control), activity at frontal electrodes in response to the directional distractor cue to the left or right.
Stimulus Processing at P1-(120 -170 ms Post-Stimulus)
To examine activity related to the bilateral stimulus display (containing both the attended target and unattended distractor), a 2 (group: ADHD vs. control) by 2 (distractor cue validity: valid vs. invalid) by 2 (cue direction: attend left vs. attend right) by 2 (electrode: O1 or O2) repeated-measures ANOVA was performed. While there were no main effects, there was a significant interaction between distractor cue validity, cue direction, and electrode (O1/O2, F(1, 48) = 23.14, p < 0.001, 2 0.325
). Follow-up analysis suggests that this interaction stemsfrom attention effects at O1 that appear when a distractor is anticipated (distractor cue valid) as compared to when one is not anticipated (distractor cue invalid; O1cue valid, t(49) = −2.99, p = 0.004, O1 distractor cue invalid p > 0.05, O2's p > 0.05; see Figure 4) . Furthermore, the lack of attention effect when the distractor was not anticipated (distractor cue invalid) can be understood through the combined effects of facilitation and suppression. Specifically, there appears to be stimulus suppression of the unattended distractor at O1, with greater activity contralateral to the appearance of a distractor when that distractor was not anticipated compared to when it was anticipated (distractor cue valid vs. invalid; O1, t(49) = −2.08, p = 0.043, see Figure 5 ). Moreover, stimulus facilitation of the attended stimulus is stronger when a distractor was anticipated as can be seen at O1 through greater processing contralateral to the target when a distractor was anticipated compared to when it was not (distractor cue valid vs. invalid; O1, t(49) = 2.75, p = 0.008). These combined effects modulate attention effects such that attention effects are primarily seen when a distractor is anticipated.
Discussion
Previous research suggests that any visual selective attention deficits in attention deficit hyperactivity disorder are in early processing of stimuli [21] . However, the current study suggests that, while deficits in selective attention may exist in younger children, they do not appear to last into adulthood. Participants with ADHD in this study showed evidence of preparatory facilitation, preparatory suppression, stimulus facilitation, and stimulus suppression. Additionally, while findings suggest there may be some small differences in cue related evoked potentials (i.e. preparatory activity), no deficits appear in either preparatory or stimulus processing for adults. Thus findings suggest that deficits in visual spatial selective attention are either small and unstable, or as noted previously, they do not persist into adulthood.
Examination of late post cue evoked potentials suggests attention effects (i.e. increased activity contralateral to the cued hemifield) at the ADAN for both ADHD and control participants that reflect preparatory facilitation. This is consistent with previous studies with neurotypical participants [15] . Moreover, contrary to previous studies of other cue related activity such as the CNV [24] , this is the first time such cue related attention effects have been shown in adults with ADHD.
However, the picture becomes a bit more complex when adding the role of distractor anticipation to general attention effects as it allows for an additional look at facilitation and also allows for the examination of suppression. Intriguingly, there were some interactions between activity associated with cues indicating a distractor would be present as compared to when no such distractor would be present that highlight the need for additional study of preparatory suppression. In contrast to previous findings [15] , this study did not show effects of distractor anticipation on the ADAN for control participants that might indicate preparatory suppression and additional preparatory facilitation. However, as can be seen in Figure 3 , while effects were not significant (possibly due to variability within the data), data were not opposed to previous findings suggesting that either this effect is small or it is unstable, indicating a need for further study. In contrast, ADHD participants did show an effect of distractor anticipation on attention modulations suggesting preparatory facilitation and suppression, although follow-up analysis did not find more specific significant effects. Detailed examination of the data suggests this effect may be a result of greater activity contralateral to the attended hemifield when a distractor was cued (i.e. preparatory facilitation). As previous studies with neurotypical adults primarily showed distractor anticipation effects contralateral to the unattended hemifield (i.e. preparatory suppression) it is possible there are differences in processing of the ADAN between those with ADHD and neurotypical adults. However, as no specific effects were significant in this study, only further study may determine if such differences exist.
Turning to stimulus processing, previous research suggests possible deficits in early perceptual processing in those with ADHD [21] . However, contrary to findings with children, this study did not show such deficits. Both control and ADHD participants demonstrated a significant attention effect at the P1 visual component. Additionally, the size of this effect did not differ as a function of attention group (control versus ADHD). Furthermore, a more detailed analysis of the effects of distractor anticipation shows that both control and ADHD participants engage in both stimulus facilitation and stimulus suppression. This was demonstrated through an increase in activity contralateral to the attended location as compared to activity contralateral to the unattended location (i.e. stimulus facilitation). Moreover, at O1 this increase in processing contralateral to the attended stimulus location was primarily seen when a distractor was anticipated as compared to when it was not. In contrast, processing contralateral to the unattended stimulus location was decreased (i.e. stimulus suppression) when a distractor was anticipated as compared to when it was not.
Conclusion
Findings from this study are important as they suggest that while some deficits in early visual selective attention may be seen in childhood, such deficits may not persist into adulthood. This is consistent with theories that suggest that ADHD may involve a developmental lag for some aspects of brain development. For example, Shaw et al. [41] found delays in the maturation of the cortex (as measured by cortical thickness) for those with ADHD compared to neurotypical controls across a wide age range (5 -20+). Thus, differences in findings between children and adults may reflect delayed development of areas supporting visual selective attention in those with ADHD as compared to control participants. Some studies [42] have begun to examine such changes over time and do suggest that different aspects of attention may show a developmental lag while others do not. However, these studies have not examined preparatory activity related to frontal attentional control or attention effects in early stimulus processing, such as those examined in this study. Thus, while findings of this study are evidence of possible lags in maturation, future studies should examine visual selective attention longitudinally and ideally correlate changes in attentional processes with maturation of the brain. Finally, given the relative paucity of research concerning the functioning of visual selective attention in those with ADHD, and even more limited studies done on adults with ADHD, this research helps to build a more complete understanding of the disorder.
